Objectives: To assess the association of established multiple sclerosis (MS) risk variants in 3,254
African Americans have a lower disease risk compared with Europeans and white Americans, but appear to carry a greater risk of ambulatory disability. 15, 16 The differences in genome linkage disequilibrium (LD) patterns and clinical phenotype between African Americans and white Americans were successfully leveraged to probe and refine the genetics of MS using conventional association, admixture, and genotypephenotype studies. [15] [16] [17] [18] [19] [20] [21] Here, we extend these studies and test the updated MS genetic map in a well-characterized African American MS dataset. After controlling for admixture, we confirm the multiallelic human leukocyte antigen (HLA)-DRB1 association, but only 8 of 63 tested non-MHC MS loci replicated in this dataset. METHODS 
Subjects. DNA samples from 1,162 African
American patients with MS and 2,092 controls, and 577 white American cases and 461 controls were obtained through a recruitment effort initiated in 2000 using stringent inclusion and exclusion criteria as previously described. 21 The African American control dataset included 1,178 de-identified samples from the National Marrow Donor Program. The African American dataset overlaps approximately 48% with our previous report. 21 Standard protocol approvals, registrations, and patient consents. The University of California at San Francisco Institutional Review Board and the National Marrow Donor Program Institutional Review Board approved this study. For all nonde-identified individuals participating in this study, written informed consent was obtained.
Single nucleotide polymorphism genotyping. Fifty-two ancestry informative marker (AIM) single nucleotide polymorphisms (SNPs) and 76 MS SNPs were genotyped using the Taq-Man OpenArray genotyping technology (Life Technologies, Carlsbad, CA). AIM SNPs were selected from previously published studies [22] [23] [24] [25] [26] [27] to cover all chromosomes. MS SNPs were selected from the latest GWAS 8 and meta-analysis. 11 Samples were loaded into customized TaqMan OpenArray genotyping plates with the OpenArray Autoloader and amplified in a Dual Flat Block GeneAmp PCR System 9700, as recommended by the manufacturer. The OpenArray Genotyping Analysis Software was used for assigning genotypes.
Quality control. SNPs had to meet several criteria to be included in the analysis: less than 10% missing genotypes, Hardy-Weinberg proportion test p . 0.001 in controls, and no significant SNP call rate differences between patients and controls in each population (p . 0.001), whereas samples needed to have missing genotype calls of less than 10%. This standard quality control removed 10 SNPs in total (7.8%): 2 AIM SNPs because of low SNP call rates, 7 AIM SNPs because of violation of Hardy-Weinberg proportion, and one MS SNP, rs2150702, located in MLANA, because of a significant difference in call rates between cases and controls in African Americans. The average sample call rate for 75 MS SNPs was 99.3% 6 1.4% in African Americans and 99.4% 6 1.2% in white Americans, whereas the call rate for 43 AIM SNPs was 99.0% 6 2.4% in both populations. Altogether, 118 SNPs, 1,144 African American MS cases, 1,986 African American controls, 569 white American MS cases, and 460 white American controls were included in the association analysis.
HLA allele typing. Four-digit HLA-DRB1 allele data were available for 454 African American patients with MS and 1,124 controls. For an additional 487 patients and 470 controls, only HLA-DRB1*15:01, *15:03, *03:01, and *03:02 genotypes were available. Four-digit HLA-DQB1 allele data were available for 455 patients and 520 controls. Additionally, to explore the association of putative protective allele HLA-A*02:01, 8, 28 we generated HLA-A genotypes for 456 patients and 1,199 controls. In this dataset, 70.0% of HLA-DRB1 typing, 91.1% of HLA-DQB1 typing, and 95.3% of HLA-A*02:01 typing were obtained by the sequence-based typing technique, and the remaining data were typed by sequence-specific oligonucleotide hybridization or sequence-specific priming.
Molecular assessment of genetic ancestry. The 43 AIM SNPs (including 5 in the extended MHC region) exceeding established quality-control thresholds were set in a principal component (PC) analysis to identify the degree of European ancestry admixture in each individual. Estimates were checked against our previously reported percentages of European ancestry 19, 20, 29 using Pearson correlation test. To assess population stratification, the values of the major PCs between cases and controls in both of the populations were compared using Wilcoxon rank sum test.
Genetic association analysis. An additive model of multivariate logistic regression was applied to assess the association of the genetic variants with MS. As covariates, the ancestral PC values and HLA class II alleles were used when relevant. For each MS variant, the Cochrane Heterogeneity Q Test was performed to test effect size differences between African Americans and Europeans. Finally, to evaluate the statistical power embedded in the African American dataset, 1,000 bootstrap simulations were performed in the white reference dataset. For each simulation, the number of MS SNPs validated by association analysis was returned and distribution of the numbers from those simulations was compared with the actual number of validated MS SNPs in the African American dataset. All of the analyses were conducted using R software (version 2.13.0; R Foundation for Statistical Computing, Vienna, Austria). Odds ratios (ORs) were used to reflect effect sizes of MS risk. Confidence intervals (CIs) are given at 95%, and all of the p values are provided uncorrected.
RESULTS
Clinical and demographic features of the enrolled participants. In this study, African American patients with MS had a higher female to male ratio and younger age at onset compared with white Americans (table 1). The proportion of primary progressive or progressive relapsing MS was larger and the MS severity score was significantly higher in African American patients than in those of European origin, which can be partially explained by the lower proportion of progressive MS in this white American group compared with that of white Americans in the literature. 8 Interestingly, family history of MS as reported by the proband was 17.3%, which is within the range of that reported for European datasets. 30 PC analysis was used to assess ancestry and admixture, and to control for the pervasive effects of population stratification in follow-up analyses. The first component of the PC analysis explained 50.77% of the interindividual European ancestry variance as informed by the 43 AIM SNPs (figure e-1A on the Neurology ® Web site at www.neurology.org). PC2 explained 2.30% of the variances, and the biplot showed that the main contributors for PC2 were SNPs located in the extended MHC region (figure e-1B). PC1 was correlated with the previously reported percentage of European ancestry in African Americans with MS 18 (R 5 0.84, p , 2.2e-16), and the mean percentage of European ancestry in African Americans was 20.4%. From the scree plot and biplot, both PC1 and PC2 were used to account for population stratification in the association analysis: PC1 as signals of genome-wide and PC2 as major MHC signals for ancestry. The values of PC1 differentiated the African American and white American groups (p , 2.2e-16), but were not different according to the affectation status in either population (figure e-1C). The variance of PC1 was smaller in cases than in controls within African Americans (p 5 7.22e-06), suggesting higher heterogeneity in the African American control dataset. PC2 values were not statistically different based on the affectation status in African Americans, but a trend was observed in white Americans (p 5 0.039) (figure e-1D).
Association analysis for HLA alleles. HLA-DRB1*15:01 and HLA-DRB1*03:01 were significantly associated, as expected, with disease risk in African Americans (table 2) . Adjustment of the association by the PC1 and (MHC-driven) PC2 retained the statistical significance. When fitting these 2 alleles in the multivariate model, HLA-DRB1*15:03 frequencies were elevated in African Americans with MS, as previously shown. 31 HLA-DRB1*04:05 was confirmed as a risk allele, whereas 2 alleles, HLA-DRB1*11:01 and HLA-DRB1*04:01, were found to be associated with reduced MS risk. No association of HLA-DQB1 alleles was detected for African American MS (table 3) . Additionally, association analysis for HLA-A*02:01 showed a protective effect for carriers, independent of the top 2 HLA-DRB1 risk alleles of HLA-DRB1*15:01 and HLA-DRB1*03:01 (OR 5 0.72 [95% CI 0.55-0.93], p 5 0.013).
In the association analysis for SNPs in the MHC region, rs3129889, tagging HLA-DRB1, was the most significantly associated with MS in both African Americans and white Americans, but with a different effect size between the 2 populations, i.e., a larger effect in whites (Q test p 5 3.91e-07). No association was found in African Americans for the HLA-B SNP, rs2523393, tagging HLA-B*44 in Europeans (table e-1). 10 Replication study of the MS-associated SNPs in non-MHC regions. Among the 73 MS SNPs in non-MHC regions that passed quality control, 15 SNPs were replicated in African Americans with p values ,0.05 (tables 4 and e-1). Using the p , 0.01 threshold, 8 MS-validated risk markers-rs7200786 (CLEC16A), rs1335532 (CD58), rs13333054 (IRF8), rs180515 (RPS6KB1), rs4613763 (PTGER4), rs1800693 (TNFRSF1A), rs7238078 (MALT1), and rs669607 (no gene)-were replicated in the African American dataset. Among those validated SNPs in non-MHC regions, no significant differences were detected for each effect size between African Americans and populations from European descent as reported in the literature (Q test p . 0.1). However, even though rs2300603 (BATF) was replicated (p 5 0.017), the direction of the effect size was reversed in African Americans (OR 5 0.81) compared with that reported in Europeans (Q test p 5 0.002).
In the white American dataset, 4 non-MHC SNPs were replicated with p values ,0.01. To investigate the role of sample size in our analysis, bootstrapping of the white American dataset was conducted up to the sample size of the African Americans. The mean number of the statistically associated non-MHC SNPs in each simulation in white Americans was higher (mean 23.8) than the number of the statistically associated SNPs in African Americans (n 5 8), suggesting that the observed disparity in the number of validated SNPs between African Americans and white Americans is not entirely attributable to the size of the datasets.
Application of the frequently associated SNPs to the 1000 Genomes Project population. To address the hypothesis that the worldwide distribution of MS correlates with the frequency of the risk variants in each ancestral group, the cumulative genetic risk scores accounting for the minimal set of the 8 non-MHC SNPs with p values ,0.01 in African Americans were computed for samples included in the 1000 Genomes Project dataset. 32 The scores were significantly different according to the populations (figure 1). The African group had the lowest genetic risk scores and there was an increasing gradient from Africans to African Americans, Asians, Hispanics, and Europeans. This distribution mimics the worldwide disease prevalence. Additionally, the genetic burden scores of our MS casecontrol datasets fit within the observed ancestral gradient, and patients were more loaded than controls in both African Americans and white Americans (p 5 4.11e-13 and p 5 0.031, respectively).
DISCUSSION This is the largest genetic study of an MS dataset of non-European ancestry. After adjusting for admixture, we replicated established HLA-DRB1 allelic associations as well as 8 of the 73 validated non-MHC MS SNPs discovered in European populations. African American patients with MS carry the 2 most prominent susceptibility HLA-DRB1 alleles found in Europeans, HLA-DRB1*15:01 and HLA-DRB1*03:01, as well as the African allele HLA-DRB1*15:03. 8, 20, 31 The role of HLA-DRB1*04:05 observed in this study was also reported in other populations, including Japanese and Sardinian. 33, 34 We also confirmed the protective association of HLA-A*02:01 in African Americans, independent of the HLA-DRB1 risk alleles. Also consistent with previous reports, 35 a lower frequency for HLA-DRB1*11 was observed. Although the protective association of HLA-DRB1*09:01 lost statistical significance after adjustment, the direction of the effect matched previous results in Asians. 33, 36 No association of HLA-DQB1 alleles was detected for African American patients with MS, consistent with our previous study highlighting the primary role of HLA-DRB1 vs HLA-DQB1. 31 Interestingly, all of these MS-associated alleles are found in various HLA haplotypes in different populations, 13, 37 consistent with a primary role for HLA-DRB1 and HLA-A alleles rather than other HLA genes. When the effect size of HLA-DRB1*15 was compared in our African American and white American datasets, it was different (Q test p 5 1.65e-06). Whether this difference reflects a true biological effect of the MHC in these 2 populations remains to be addressed. Outside the MHC, the number of statistically associated MS SNPs in African Americans was far lower than the mean number of MS-associated SNPs in the bootstrapped white American dataset. There are 3 possible explanations for this partial replication. First, differences in minor allele frequencies (MAF), especially for those SNPs with lower MAF in African Americans, could have affected the power to detect the associations. Indeed, among the MS SNPs with a MAF less than 15% in African Americans, only the SNP rs3129889 in the HLA-DRB1 region was replicated. Second, the smaller size of African haplotype blocks 32, 38 may have caused some of the MS SNPs originally identified in Europeans to fail tagging putative causative variants in African Americans. For example, our previous study in African Americans showed associations for 2 SNPs in EVI5 (rs10735781 and rs6680578). 21 Although the SNP genotyped in this study (rs11810217) locates between rs10735781 and rs6680578 and appears to be within the same haplotype block in Europeans (measures of LD, R 2 , and d9 are strong among the 3 SNPs), the R 2 between rs11810217 and the other variants, rs10735781 and rs6680578, is extremely low in African Americans. Similarly, we can attribute the lack of replication for CD6 and TYK2, despite suggestive association signals in our previous report, 21 to SNP selection and LD haplotype differences between African Americans and Europeans. The observed opposite direction of the association of the SNP rs2300603 in BATF can be interpreted as a possible difference in the LD pattern between this SNP and the putative causative variants in African Americans, considering the observed smaller haplotype blocks at the locus in African Americans than in Europeans. 39 It is important to note that for the 57 non-MHC SNPs reported by Sawcer et al., 8 the number of possible genes corresponding to one SNP signal ranges between 1 and 33. Finally, genetic heterogeneity across populations is an additional conceivable explanation for absence of replication, at least for some of the loci (table e-2). It is of interest that the individual accumulation of genetic risk alleles across populations for this minimal set of common risk alleles matches the disease prevalence in each ancestral group, suggesting that the global frequency of the disease is influenced, at least in part, by the distribution of risk alleles and that these validated SNPs tag causative variants across different populations. Building on the success of the GWAS approach, meta-analyses and dense genotyping in large datasets will most likely result in the rapid identification of additional risk alleles. Studies comparing the genomes of different ancestral groups may prove to be highly informative by leveraging the differences in genome LD patterns and clinical phenotypes.
AUTHOR CONTRIBUTIONS
Dr. Isobe participated in study design, performed experiments and statistical analysis, and drafted and edited the manuscript. Dr. Gourraud participated in study design, supervised and performed the statistical analyses, and critically revised the manuscript. Dr. Harbo conducted experiments and critically revised the manuscript. Ms. Caillier was responsible for sample preparation and management. Mr. Santaniello was responsible for data management. Mr. Khankhanian supported the statistical analyses. Mr. Maiers, Mr. Spellman, Dr. Cereb, and Dr. Yang contributed samples and data and critically revised the manuscript. Dr. Pando contributed data and critically revised the manuscript.
Dr. Piccio, Dr. Cross, and Dr. De Jager contributed samples and critically revised the manuscript. Dr. Cree and Dr. Hauser contributed to the phenotypic characterization of the study participants and critically revised the manuscript. Dr. Oksenberg designed and supervised the study and edited the manuscript. 
